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Echocardiographic and Doppler studies were performed
on 183 clinically normal and 58 severely dysfunctioning
bioprosthetic mitral, aortic and tricuspid valves. The
valve dysfunction resulted from spontaneous cusp de-
generation in 49 instances and from paravalvular re-
gurgitation in 9. The pulsed Doppler study demonstrated
regurgitant flow in 36 (92%) of 39 regurgitant valves
and 8 (90%) of 9 paravalvular regurgitant valves. Di-
agnostic echocardiographic features were present in only
51 and 10% of the patients, respectively. Although the
Doppler regurgitant jet was peripheral in seven of the
nine patients with paravalvular regurgitation, it was not
possible to differentiate these patients from those who
had valve degeneration and cusp tear at the periphery
of the valve ring. Eight patients presented with a musical
holosystolic murmur of mitral insufficiency. In all eight
there was a characteristic honking intonation on the au-
dio signal and a striated shuddering appearance on the
video Doppler signal.
Ten stenotic mitral bioprosthetic valves (:s 1.1 cnr'
M-mode and two-dimensional echocardiography have been
shown (1-4) to be of value in evaluating bioprosthetic valve
regurgitation and stenosis resulting from cusp degeneration.
The studies are somewhat limited by an inability to obtain
good quality cusp echoes consistently. Furthermore, an
echocardiographic feature of valve dysfunction may be sub-
tle and could be missed in the presence of obvious valve
dysfunction. Recently, cardiac Doppler ultrasound studies
(5-13) have shown promising results in the diagnosis of
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valve orifice) were identified by Doppler study. Diag-
nostic echocardiographic features were present in only
two of these patients. The Doppler-derived valve orifice
dimension correlated well (r = 0.83) with cardiac cath-
eterization values. Fourteen asymptomatic or minimally
symptomatic patients had echocardiographlcally thick-
ened mitral cusps (?3 mm). These patients had a sig-
nificantly (p < 0.0001) smaller valve area as compared
with normal control valves, and during 4 to 24 months
of follow-up, fiveof these patients developed severe valve
regurgitation or stenosis.
Doppler ultrasound is more sensitive than echocardi-
ography in diagnosing bioprosthetic valve stenosis and
regurgitation. Patients with paravalvular regurgitation
could not be differentiated from those with valvular re-
gurgitation. The presence of echocardiographically
thickened valves in the absence of endocarditis probably
represents valve degeneration and poses a higher risk
for subsequent dysfunction.
(1 Am Coil CardioI1987;10:851-8)
regurgitant and stenotic prosthetic valves including a small
number of bioprosthetic valves. In this report, we present
our experience in the noninvasive evaluation by Doppler
study and echocardiography of 241 bioprosthetic valves.
Methods
Study patients. From 1anuary 1984 to September 1986,
adequate quality M-mode and two-dimensional echocardio-
graphic and pulsed Doppler studies were obtained in 241
patients with a bioprosthetic valve implanted in the mitral.
tricuspid or aortic position. Continuous wave Doppler study
was also performed on the last 178 of the 241 patients.
Patients either were referred to our laboratory for evaluation
of valve dysfunction or were scheduled by us for follow-
up. In the early phase of the study when a pulsed Doppler
0735-1097/87/$3.50
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instrument was available, we evaluated only patients with
mitral and tricuspid bioprosthetic valves. Later on, with
addition of continuous wave Doppler equipment, patients
with an aortic bioprosthetic valve were also evaluated. For
these reasons, we had a higher proportion of mitral bio-
prosthetic valves in this study. Physical examination was
recorded in all patients. Cardiac catheterization and angi-
ography were performed in 48 of 58 patients with a dys-
functioning valve. Forty-one of 48 catheterization studies
were performed within 1 week and the remaining 7 within
3 weeks of the ultrasound study.
Valve replacement surgery was performed subsequently
in 51 of the 58 patients with a dysfunctioning valve. Cath-
eterization, angiographic and surgical findings were con-
sidered the reference standard against which echocardio-
graphic and Doppler studies were measured.
Echocardiography. M-mode and two-dimensional
echocardiographic studies of the valves were obtained from
the parasternal long- and short-axis and apical four chamber
views. The valve cusps were identified by two-dimensional
study. M-mode tracings were derived from the two-dimen-
sional images by positioning the M-line cursor at the site
of maximal valve thickness. Identical gain settings were not
used to record cusp echoes, but instrument settings were
kept within a constant range so as not to influence cusp
thickness measurements. Valve thickness was measured from
the M-mode tracing during systole for mitral and tricuspid
valves and during diastole for aortic valves (13). Mitral and
Table 1. Doppler Ultrasound and Echocardiographic Features of Normal and Dysfunctioning Bioprosthetic Valves
Aortic position
No. of patients
Peak velocity
(mig)
Peak gradient
(mmHg)
Mean gradient
(mm Hg)
Doppler regurgitation
Echo regurgitation
Echo cusp thickness
(mm)
Mitral position
No. of patients
Peak velocity
(m/s)
Peak gradient
(rnrn Hg)
Mean gradient
(mm Hg)
Valve area
(cm ')
Doppler regurgitation
Echo regurgitation
Echo cusp thickness
(mm)
Tricuspid position
No. of patients
Peak velocity
(mls)
Peak gradient
(mm Hg)
Mean gradient
(mm Hg)
Valve area
(mm)
Doppler regurgitation
Echo regurgitation
Echo thickness
Normal
56
2.1 ± 0.5
(1.2 to 3.1)
19 ± 9
(6 to 42)
II ± 5
(3 to 21)
5 (9%)
o
1.6 ± 0.5
(I to 2.8)
105
1.5 ± 0.3
(I.I to 2.1)
9.9 ± 3.4
(5 to 18)
4.8 ± 1.7
(2 to 8)
2.0 ± 0.5
(1.3 to 4.5)
6 (6%)
o
1.5 ± 0.3
(I to 2.9)
8
1.3 ± 0.3
(1.2 to 1.7)
7 ± 2
(6 to 12)
3 ± 2
(2 to 7)
2.2 ± 0.5
(1.6 to 3.0)
o
o
1.2 ± 4
(I to 2)
"Normal Thickened"
o
14
1.8 ± 0.3
(1.1 to 2.1)
11.6 ± 4
(5 to 18)
7.1 ± 1.9
(3 to 12)
1.4 ± 0.27*
1(7%)
o
4.1 ± 1.1*
(3 to 7)
o
Regurgitant
8
2.4 ± 0.6
(2.1 to 2.7)
24 ± 4
(18 to 30)
14 ± 2.5
(9 to 16)
7 (87%)
4 (50%)
2.5 ± 0.4
(I to 5)
31
1.8 ± 0.2
(1.4 to 2.1)
13 ± 3
(7 to 18)
7 ± 2
(4 to 10)
1.6 ± 0.4*
(I.I to 2.(0)
29 (94%)
16 (52%)
3.1 ± 1.7*
(I to 8)
o
Paravalvular
Regurgitation
4
2.2 ± 0.3
(2.1 to 2.3)
20 ± 3
(18 to 22)
14 ± 2.1
(9 to 13)
3 (75%)
1(25%)
1.6 ± 0.4
(I to 2.0)
5
1.6 ± 0.3
(1.5 to 1.8)
II ± 1.7
(9 to (3)
4.4 ± 0.5
(4 to 5)
2.0 ± 0.4
(1.2 to 2.2)
5 (100%)
o
1.4 ± 0.6
(I. to 2.5)
o
Stenotic
o
10
2.4 ± 0.25
(2.0 to 2.8)
23 ± 5
(16 to 32)
14 :!: 2
(II to 20)
0.9 ± 0.2*
(0.4 to 1.1)
2 (17%)
o
5.2 ± 1.6*
(3.5 to 8)
o
*p < 0.0001 as compared with normal, Ranges are given in parentheses. Echo = echocardiographic.
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tricuspid valve systolic flutter and diastolic aortic valve flut-
ter were considered indicative of valve regurgitation. The
presence of flail valve motion was determined from both
M-mode and two-dimensional images.
Doppler studies. Pulsed and continuous wave studies
were obtained primarily with a Hewlett-Packard phased ar-
ray instrument. During the early part of the study, a Mark
IV ATL mechanical sector scanner was also used. The peak
velocity profile across the mitral and tricuspid valve prostheses
was obtained from the apical view and that of the aortic
valve from apical, right parasternal and suprasternal views.
The Doppler transmit beam was placed perpendicular to the
plane of the valve ring and maximal velocities were re-
corded. Once pulsed Doppler studies were completed, the
instrument was switched to the continuous wave Doppler
format and peak velocities were obtained. An independent
Pedoff continuous wave Doppler transducer was then used
to record aortic and high velocity mitral and tricuspid flows.
Early in the study, a few patients had peak mitral valve
velocity determined with an ATL transducer that used ex-
tended range capabilities to record peak flows.
The left and right atria were scanned by pulsed Doppler
techniques using apical and parasternal windows to detect
mitral and tricuspid valve regurgitation. For aortic bio-
prosthetic valves, the left ventricular outflow tract was in-
terrogated using the apical or parasternal view. Once a re-
gurgitant flow abnormality was detected on video and audio
signals, it was quantitated by flow mapping techniques
(14,15).
Doppler measurements. Peak valve gradient (0101 Hg)
was obtained from the maximal recorded transvalvular ve-
locity (Vmax, m/s) using Bernoulli's equation: gradient =
4·(Vmax)2. For aortic bioprosthetic valves. if the peak left
ventricular outflow gradient (V outflow) exceeded I m/s, a
modified Bernoulli equation was used: gradient = 4·(Vmax
- Voutflow)". The mean mitral and tricuspid valve gradient
was measured from an on-line Hewlett-Packard Doppler
measurement package, or by dividing the velocity profile
every 0.04 second and averaging the measurements. In pa-
tients with a mitral or tricuspid bioprosthesis, the valve
orifice was measured using the pressure (P) half-time method
(valve area = 220/P·1/2). All calculations were obtained
from an average of three cardiac cycles in patients with
normal sinus rhythm and three to five cardiac cycles in
patients with atrial fibrillation. Repeat echocardiographic
studies were performed in 32 patients within I week to 24
months of their initial test.
Valvular and paravalvular regurgitation. The pres-
ence of mitral or tricuspid regurgitation was suggested by
the presence of a holosystolic flow abnormality moving
away from the transducer. Once the regurgitant flow was
identified, a mapping technique (14) was used to quantitate
its severity. Thus, regurgitation was considered mild when
it extended from the valve plane to less than 2 cm into the
Table 2. Pulsed Doppler Utrasound and Angiographic
Gradation of Valve Regurgitation in 35 Degenerative
Bioprosthetic Valves
Doppler Angiography
Regurgitation (No.) (No.)
Absent 3 0
Mild I 0
Moderate 10 4
Severe 21 31
atrial chamber, moderate if it extended 22 cm from the
valve to the anterior half of the atrial cavity and severe if
it extended into the posterior half of the atrial cavity (6.14).
The presence of aortic insufficiency was similarly de-
tected by observing diastolic flow abnormalities directed
toward the transducer. Once the regurgitant jet was iden-
tified on video and audio signals, it was quantitated by the
flow mapping technique (15). Aortic insufficiency was graded
as mild when diastolic flow extended from the valve plane
Figure 1. M-mode (top) and two-dimensional (bottom) echo-
cardiograms of a normal porcine bioprosthetic valve in the mitral
position. Note the thin cusps (C; c) without systolic flutter. AV
= aortic valve; LA = left atrium; LV = left ventricle: RV =
right ventricle: S = ventricular septum; ST (st) = valve stents.
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to 2 cm into the left ventricle, moderate from the 2 ern level
to the papillary muscle and severe from papillary muscle
level to the apex (6).
Results
Patient features. M-mode and two-dimensional echo-
cardiographic and Doppler studies were performed on 183
patients with a clinically normal bioprosthetic valve and 58
patients with a severely dysfunctioning valve (Table I) as
confirmed by physical examination, catheterization and sur-
gery. The mean age of all patients was 56 years (range 21
to 80); valves were implanted for a mean of 101 months
(range 3 days to 156 months).
In the normal group, 119 valves were implanted in the
mitral, 56 in the aortic and 8 in the tricuspid position.
Figure 2. M-mode (top) and two-dimensional (bottom) echo-
cardiograms of a thickenedand stenotic porcinemitral valve. Note
the markedly thickened cusps (C) which had restricted motion on
two-dimensional echocardiography. Note also the enlarged left
atrium (LA). right ventricle (RY) and right atrium (RA). Other
abbreviations as in Figure I.
..... ,.... ,
----_.~ --_.--
.• • --- '" *-". . .. ...... ..
RV
S
LV
Fourteen normal functioning mitral valves had echocardi-
ographically thickened cusps (2:3 mm), and these are re-
ferred to as "normal thickened" valves. In the group with
a dysfunctioning valve (31 mitral, 8 aortic). 39 patients had
severe valve regurgitation due to spontaneous degeneration
of the cusps, 9 patients (5 mitral and 4 aortic valves) had
paravalvular regurgitation and 10 had severe mitral valve
stenosis (Table I). All patients with a regurgitant valve had
a grade I/o to % murmur that had a musical, honking in-
tonation in eight patients with mitral regurgitation.
Cardiac catheterization. Cardiac catheterization and
angiography were performed in 8 patients with a stenotic
mitral valve, 35 with a regurgitant valve and 5 with a par-
Figure 3. Two-dimensional (top) and M-mode (bottom) echo-
cardiograms of a regurgitant. thickened and flail porcine mitral
valve. Note the systolic cusp flutter on the M-mode image and
thickened cusps (small arrow) on the two-dimensional image.
prolapsing into an enlarged left atrium (LA) during systole. Ab-
breviations as in Figures I and 2.
SYSTOLIC
CUSP
FLUTTER
LV
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Figure 4. Pulsed Doppler ultrasound recording at the inflow of a
normal functioning bioprosthetic mitral valve . In thi s patient. a
Doppler valve area 2.2 cm' and peak velocity of 1.8 m/s were
obtained.
avalvular regurgitant valve. Six of the eight patients with a
stenotic mitral valve had no angiographic evidence of mitral
regurgitation. whereas the other two had mild regurgitation.
Mitral regurgitation was estimated by left ventriculography
to be absent. mild. moderate or severe. depending on degree
of opacifi cation of the left atrium and the number of cardiac
cycles required for maximal opacification. Angiographic
evidence of severe valve insufficiency was demonstrated in
all five patients with paravalvular regurgitation and 31 of
the 35 with valvular regurgitation (Table 2). Valve replace-
ment surgery was subsequently performed in 51 of the 58
patients with a dysfunctioning valve. At the time of surgery.
all regurgitant valves had a tear in one or more cusps. all
stenotic valves were heavily calcified and thickened and all
patients with paravalvular regurgitation had normal valve
cusps.
Echocardiography. With the exception of 14 mitral
valves. all normally functioning valves had cusps that were
< 3 rnrn thick (Fig. I) . The echocardiographic valve cusp
thickness results are summarized in Table I. Fourteen pa-
tients with echocardiographic cusp thickness 2:3 mrn were
considered to have a normal thickened mitral valve. These
14 patients were either asymptomatic or minimally symp-
tomatic on initial examination . without clinical evidence of
valve dysfunction. All nine patients with paravalvular re-
gurgitation had normal cusp thickness «3 mm), whereas
6Q1'/C' of the 39 patients with valvular regurgitation had thick-
ened cusps (2:3 mrn).
Figure 5. Pulsed Doppler holosystolic mitral regurgitant (MR)
flow obtained on the atrial aspect of a bioprosthetic mitral valve
of the patient whose echocardiogram is shown in Figure 2. C =
cusps: MR = mitral regurgitant fl ow.
All 10 patients with a stenotic valve had thickened cusps,
but only 2 had other echocardiographic features of valve
stenosis (Fig. 2) (I). Echocardiographic features of regur-
gitation (bioprosthetic valve Rutter and Rail motion) were
present in 20 (51% ) of the 39 patients with a regurgitant
mitral (Fig. 3) or aortic valve. but in none of the normal
control subjects or those patients with paravalvular regur-
gitation. One of the four patients with paravalvular regur-
gitation around the aortic valve had flutter of the native
mitral valve on the echocardiogram. indicating valve re-
gurgitation.
Doppler Results
Normal valves (Fig. 4). The results of peak Doppler
transvalvular velocity, peak valve gradient. mean valve gra-
dient and valve orifice (mitral and tricuspid valves only) are
summarized in Table I . There was a signifi cant (p < 0.000 I)
difference between valve area and peak gradient when nor-
mal valves and normal thickened valves were compared.
Mild Doppler regurgitation was present in 6 (6%) of the
105normal mitral valves. I (7%) of the 14normal thickened
mitral valves and 5 (lO Ck) of the 56 normal bioprosthetic
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Figure6. Comparison ofechocardiographic (open bar) and Dop-
pler ultrasound (hatched bar) features of bioprosthetic valve dys-
function. Note the higher sensitivity of Doppler ultrasound as
compared with echocardiography in regurgitant. paravalvular re-
gurgitant (Para. Regurg.) and stenotic bioprosthetic valves.
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patients with a musical systolic murmur associated with
severe bioprosthetic mitral valve regurgitation had a char-
acteristic audible grunting, honking sound and a "shud-
dering" effect on the video analysis of the regurgitant Dop-
pler signals (Fig. 7).
Paravalvular regurgitation. A regurgitant flow abnor-
mality was detected in eight of the nine patients with severe
paravalvular insufficiency. Although regurgitant flow was
located near the valve ring in seven of these patients, this
feature was also observed in patients with valvular insuf-
fi ciency due to cusp degeneration. Consequently, it was not
possible to differentiate valvular from paravalvular regur-
gitation.
Mitral stenosis. All stenotic mitral valves had a signif-
icantly reduced Doppler-estimated mitral valve area (Fig.
8) and a higher gradient (p < 0.000 I) as compared with
normal control valves (Table I). The good correlation be-
tween Doppler- and cardiac catheterization-derived mitral
valve area (r = 0.83) is depicted in Figure 9.
aortic valves. None of these patients had clinical evidence
of valve regurgitation on examination. During a follow-up
period of 4 to 24 months, three normal thickened valves
developed clinical and angiographic evidence of valve re-
gurgitation and two became stenotic.
Regurgitant valves. A regurgitant flow abnormality (Fig.
5) was demonstrated by pulsed Doppler study in 92% (36
of 39) of the regurgitant valves as compared with 51% by
echocardiography (Fig. 6). The three patients whose pulsed
Doppler study failed to show regurgitation had cusp tears
adjacent to the valve ring. Pulsed Doppler and angiographic
gradation of valve regurgitation is depicted in Table 2. Com-
pared with angiography, pulsed Doppler study slightly
underestimated the severity of valve regurgitation. The eight
Discussion
Pulsed and continuous wave Doppler studies are valuable
noninvasive tests to evaluate native (16- 19) and prosthetic
(5- 12.20-24) valve stenosis and insuffi ciency. Previous
studies have shown a good correlation between cardiac cath-
eterization- and Doppler-derived valve gradients and valve
orifice area in both native and prosthetic valves. Our report
confi rms the usefulness of Doppler studies in the diagnosis
of bioprosthetic valve regurgitation and stenosis.
Bioprosthetic valve regurgitation. In 7% of patients
with a normal valve < 3 mm thick ( I I of 169), pulsed
Doppler evaluation showed mild regurgitation, whereas
moderate to severe regurgitation was identified in 92% of
dysfunctioning valves. The test was more sensitive than
Figure 7. Doppler regurgitant flow across a
bioprosthetic mitral valve in a patient with a
loud musical murmur. Note the striated shud-
dering appearance of the regurgitant flow sig-
nals.
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Figure 8. Continuous wave Doppler flow recording
across a stenotic bioprosthetic mitral valve in the pa-
tient whose echocardiogram is depicted in Figure 5. In
this patient, a peak diastolic flow velocity of 2.8 m/s,
peak valve gradient of 32 mm Hg and valve area of
0.4 crrr' were obtained.
echocardiography in evaluating regurgitant valves. How-
ever, the echocardiographic find ing of systolic mitral or
diastolic aortic cusp fluttering, with or without evidence of
a flail leaflet, was very specific for valve regurgitation. In
paravalvular regurgitation, Doppler study correctly identi-
fi ed valvular insufficiency in eight of nine patients. but could
not differentiate these patients from those with valvular re-
gurgitation secondary to cusp degeneration.
Regurgitant valves with musical murmurs. A char-
acteristic audible grunting and shuddering visual effect was
noted on Doppler evaluation of patients with a regurgitant
mitral bioprosthetic valve who had a musical murmur. Al-
though this fi nding was invariably associated with a cusp
tear or perforation. it was not specific in that similar patho-
logic find ings were seen without these Doppler character-
istics. As compared with angiography. the pulsed Doppler
1.4
study slightly underestimated the severity of valve regur-
gitation. This may. in part, be due to moderate to severe
enlargement of the left atrial chamber in a majority of our
patients with a regurgitant mitral bioprosthetic valve. Over-
estimation of valve regurgitation using conventional Dop-
pler fl ow mapping techniques can also occur when narrow
regurgitant jets reach deep into atrial or ventricular cham-
bers.
Color flow Doppler study. Quantification of regurgi-
tation using color fl ow Doppler study can overcome some
of the shortcomings of conventional Doppler study. Re-
cently Goyal et al. (25), using color flow Doppler technique.
accurately estimated the severity of prosthetic valve regur-
gitation in a small number of patients. Furthermore, they
could differentiate paravalvular prosthetic mitral regurgi-
tation from valvular regurgitation in 50% of these patients,
1.2
E 1.0
u
Figure 9. Comparison of Doppler (pressure half-time)
and cardiac catheterization-derived (CATH) valve ori-
fice in eight stenotic mitral bioprosthetic valves (MV).
Note the good correlation. with an r value of 0.83.
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but could not do so in prosthetic valves implanted in the
aortic position.
Normal thickened valves. In the absence of endocar-
ditis, echocardiograph ic findings of 2:3 mm thick valve
cusps probably represent degenerative valve changes. In
those instances where clinic al dysfunction is not apparent ,
our results indicate that the valves are neverth eless stiffer
with a significantly higher peak Doppler gradient than that
of normal control valves. Five (36%) of 14 of our patients
with these findings subsequently developed evidence of valve
regurg itation or stenosis. Con sequently, we recommend that
once valve thickening 2:3 mm is identified, these individuals
be followed up at frequent intervals.
Stenotic valves. In our experience , the greatest benefit
of the cardiac Doppler study was in detecting patients with
bioprosthet ic mitral valve steno sis. These patients are dif-
ficult to diagnose clinically. A diastolic rumble can be aus-
cultated in patients with a normal as well as a stenotic mitral
bioprosthet ic valve (21). Further, classical signs of mitral
stenosis are often absent; even when present , they frequentl y
do not indicate the severity of the lesion . Before the intro-
duction of Doppler echocardiography, these patients were
generally diagnosed by cardiac catheterization when they
developed decompensated congestive heart failure. With
Doppler study , it is now possible to diagnose these patients
early . A Doppler-derived mitral valve orifice :S 1.1 em?
indicates valve stenosis and differentiates these patients from
those with a normal thickened valve.
Conclusion. 1) Pulsed Doppler study is more sens itive
than echocardiography in detect ing biopro sthet ic mitral and
aortic valve regurgitation and paravalvular regurgitat ion . 2)
The cardiac Doppler study is more sensitive and specific
than echocardiography in diagnosing bioprosthetic mitral
valve stenosis. 3) Echocardiographic findings of cusp flutter
in the coapted position are 100% specific but only 51%
sensitive for valve regurgitation . 4) Echocardiographically
thicken ed cusps in the absenc e of endocarditis probably
represent valve degeneration ; patients with this finding are
at high risk for subsequent clinical dysfunction 5) A re-
gurgitant mitral biopro sthet ic valve with a musical murmur
is ident ified by characteristic audio and visual features on
the regurgitant Doppler flow signals .
We thank Lois Graham, Elizabeth Melchow , Mary Gregory and Lynn
James for their techni cal assistance in performing ultrasound stud ies, We
also thank Mable Clora , Colleen Duseau and Patricia Alam for typing this
manuscript.
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